INTRODUCTION
When a ball hits a surface, does the angle of reflection always equal the angle of incidence? Not at all! Depending on the interplay of the ball's spin and speed and the force of friction, the ball's behavior after the bounce may differ dramatically. Surely some experienced racquetball, ping-pong, pool, tennis and players alike take advantage of this fact. A physics teacher, in turn, can take advantage of the fact that by observing the bounce of a ball her students can determine the coefficient of friction between the ball and the floor. All it takes is a typical video (smartphone) camera and some standard software 1 .
Indeed during a bounce, the force of friction changes the tangential velocity of the ball, while the normal force affects its perpendicular component. Hence, measuring the ball's initial and final velocity, one can compute the coefficient of friction.
In fact, this would be a routine exercise, if not for the following intriguing effect. When trying to repeat the same calculations for a few consecutive bounces of the same ball, friction seems to dissapear after the first bounce! The paper is organized as follows. We start by considering a single bounce of a racquetball and compute the coefficent of friction between the ball and the floor (Sec. I). In Sec. II we try to reproduce the result by doing identical calculations for the second, third and so on bounces of the same ball and discover the "absence" of friction force. In Sec. III we hypothesize why this could occur and run two testing experiments (Sec. IV) to see if the hypothesis is supported. These new results suggest that the actual value of the coefficient of friction obtained in Sec. I should be reconsidered, which we do in Sec. V. We conclude, in Sec. VI, with a discussion of some subtleties and implicit assumtions, as well as how the topic of the paper can be turned into an in-class activity.
I. A SIMPLE BOUNCE
As mentioned above, the coefficient of friction between a racquetball and the floor can be determined with the help of the experiment shown in Fig. 1 . Let v i = (v ix , v iy ) and v f = (v f x , v f y ) be the initial and final ball's velocity respectively. These quantities can be found using video analysis, as we explain below. During the bounce, the horizontal and vertical velocities/momenta of the ball are changing due to the force of friction (f ) and normal force (N ) respectively. Since the two forces are acting over the same period of time, the coefficient of friction can be found as
using the initial and final x-and y-components of the ball's velocity. Note that in general the final angle is not equal to the initial angle.
We have recorded such a bounce using a video camera. The results are displayed below.
In Fig. 2a you can see the (tapped) trajectory of the racquetball, and in Fig. 2b we present the corresponding graphs of the horizontal and vertical velocity. Substituting the data into Eq. (1), we obtain the coefficient of friction between the ball and the floor to be
It is certainly pertinent to repeat the experiment and to take several measurements to achieve a better accuracy. 
III. WHAT HAPPENS TO FRICTION IN THE SECOND BOUNCE AND ON? A HYPOTHESIS.
In order to understand what happens at the second bounce and later we should recall that the force of friction is acting at the surface of contact, essentially the bottom point of the racquetball. Thus the force of friction is determined by the bottom point's velocity, which in general can take on an arbitrary value: positive, negative or zero with respect to the chosen x-axis.
The bottom point does not slide.
FIG. 4: Types of contact
For example, any ping-pong player would know that a back-spinning ball or a ball with a small top spin would slow-down after hitting the table. This signals that friction is opposing the ball's horizontal translational velocity, which in turn implies that the bottom point is sliding forward (see Fig. 4a ). On the other hand, giving enough top spin to the ball would ensure that the bottom point would slide backward (Fig. 4b ). This would cause friction go with the ball's translational velocity thus speeding it up. It is also clear that there exists a special case of "balanced" speed and spin, such that the bottom point is not sliding across the surface (see Fig. 4c ). This happens if
where ω is the angular speed of the ball and R is its radius. Thus condition (2) would "turn friction off".
In the example considered in the previous section, the ball is not spinning before the first bounce, ω 1i = 0, v 1xi > 0. Thus the bottom point is sliding forward and friction is acting in the opposite direction. In fact, friction does two things during the first bounce: i) slowing down the ball's translational movement and ii) increasing its clockwise spin. So it is possible that the "frictionless" condition (2) condition is met before or at the end of the bounce. Even if former is the case, the friction will cease and neither horizontal velocity nor angular velocity will change during the rest of the bounce. Therefore, at the end of the first bounce we shall have
Now neglecting air resistance, neither of the two variables will be affected between the bounces. Thus the second bounce will start with
and friction will not turn on. Obviously, the same will be true for any consecuitive bounce.
In summary, we propose the following hypothesis: i) If the the horizontal and angular velocity satisfy (2) the ball will not experience (kinetic) friction; ii) The force of friction acting on the ball during the first bounce is large enough to bring the horizontal and spinning speed to balance (condition (2)) within the duration of the bounce. Once such condition is met, it remains true at later times and friction does not "turn on" in the following bounces.
IV. HOW CAN WE TEST THE HYPOTHESIS? A NEW EXPERIMENT
Let us first verify that arranging the right mix of speed and spin will result in a frictionless bounce. Consider a ball rolling smoothly (without slipping) across the We have conducted such an experiment. (2) is met, the bounce occurs without friction. We are now to verify that the force of friction is sufficient to stop the ball's slipping within the duration of the first bounce. What kind of experiment would we need to conduct in order to show that? Below we present two options.
The force of friction is proportional to the ball's horizontal acceleration. Thus, the most direct way of checking whether friction turns off during the first bounce would be extracting the acceleration data from the first bounce. Unfortunately, the bounce happens very quickly (5-10 ms), so a typical video camera, making 30 frames per second (fps), would only yield a few data points (three in our case). In order to make the above method work, one would need a high-speed camera. This is done in the next section. Suppose, however, that we are stuck with the equipment at hand. Is there any way of checking the hypothesis?
Imagine that we have a means of measuring the ball's horizontal velocity and angular speed after the first bounce. If we find that they satisfy (2), given the fact that they did not we can clearly see that the wheel underwent three bounces, but the horizontal velocity changed only during the first bounce. The final value of the horizontal velocity is 1.51 m/s.
We can now check explicitly whether (1) is satisfied after the first bounce. Toward that end, we need to determine the final angular speed of the wheel. Fig. 7b displays the angular position of the mark on the rim, with respect to the center. The slope of this graph represents the wheel's angular speed, which comes out to be 6.30 rad/s.
Measuring the wheel's radius to be 0.246 m, we find that ω 1f R = 1.55m/s ≈ v 1xf . Thus the horizontal and and angular speeds satisfy (2) reasonably well, which confirms the second part of the hypothesis.
V. THE ACTUAL COEFFICIENT OF FRICTION.
The attentive reader is now entitled to question the result of Section I. Indeed, it was obtained under the assumption that the force of friction was acting throughout the entire bounce, which has been shown to not be true. Can we fix it and find the actual coefficient of friction?
In principle, this question can be addressed straightforwardly by using a high-speed camera. If we get a sufficient number of data points during the bounce, we can catch the moment when the force of friction ceases. We can then apply the same reasoning as in Sec. I to the time interval when both force of friction and normal force are acting.
We did attempt to "zoom-into" the bounce with the help of a 240-fps video camera. Since 8 a typical bounce lasts about 5-10 ms, we only obtained a few data points corresponding to the bounce itself. Besides, the camera we used had a poor resolution in the high-speed mode, which did not allow for accurate position (hence velocity) measuments. What we were able to tell from the data is that -for the typical values of speed -friction vanished in the last quarter of the duration of the bounce. In order to conduct this part of the experiment properly one would need to have at least 1000 fps and a decent resolution at the same time.
At the moment, a suitable camera is not a very affordable option for such a basic project.
VI. DISCUSSION
We have considered a simple experiment that, despite clear expectations, yielded puzzling results and, consequently, made us uncover a deeper layer of physics. This paper may be helpful for physics teachers who tend to (or are planning to) incorporate practical implementation of scientific cycle in their classes, e.g. those using the ISLE approach 2 . We would like to point out, however, that this should probably not be the first such a demonstration, as this paper is an example when"things go wrong". It should rather be preceeded by a few demos/projects when "things go right".
The typical scientific cycle, proceeds as follows observation experiment → hypothesis, prediction → testing experiment ← , and once the observers are convinced that the hypothesis is valid, they can run application experiments. In the current paper, the multi-bounce experiment in Sec. II was originally meant to be an application experiment: it was supposed to check the value of the coefficient of friction. Suprisingly it showed that the whole model, which was used successfully in Sec.
I, had to be reconsidered.
When doing these experiments, the following measures helped us to achieve a better data accuracy. Due to the angular distortion, a pixel in the middle of a frame is not of the same physical length as one on the rim. Thus it is best to put the camera as far away from the plane of the ball's trajectory as possible. Along the same lines, angular measurements are typically more accurate than the linear ones. For example, when obtaining the θ(t) graph in the wheel experiment, only ratios of x-and y-measurements appear. Therefore the relevant region of the pixel size variation is comparable to the size of the the wheel rather than that 9 of the whole frame.
We did not attempt analyzing experimental uncertainties, but it can certainly be included in the project. One can estimate the uncertainties in the time and position measurements and deduce the error bars for the velocity graphs. Reversing this procedure, one can require a specific accuracy in the velocity data, needed to decide when the force of friction turns off, and figure out the specs of the video camera that would allow to "zoom into the bounce".
We would like to conclude with the following remark. Participating in projects which have hidden assumptions that may not always be true can become invaluable for students.
It conveys a clear message that science is not about getting the right answer on the first attempt by knowing the right recipe. Often times the progress is rather non-linear and making mistakes is quite natural. Not only does one need to know and compute, but also to analyze, evaluate, reflect, improve and eventually arrive at a reasonable answer.
Paraphrasing Feynman, "...in physics, we enjoy the process!". 
